The natural birefringence of the Nd:YLF crystal is utilized to achieve a reliable TEM 00 -mode linearly polarized laser at 1053 nm in a compact concave-plano resonator. The efficient selection of the polarization relies on the combined effect of the difference in diffraction angle for σ -and π-polarization of a wedged laser crystal and the alignment sensitivity of an optical resonator. We further employ a Cr 4+ :YAG saturable absorber to perform the passively Qswitched operation. At an incident pump power of 12 W, the maximum average output power is up to 2.3 W with a pulse repetition rate of 8 kHz and a pulse width of 9 ns. The pulse energy and peak power are found to be 288 µJ and 32 kW, respectively.
Introduction
Passive Q-switching has been widely exploited to accomplish compact diode-pumped all solid-state pulsed lasers [1] [2] [3] [4] [5] [6] [7] [8] [9] . A long upper-state lifetime of the gain medium is highly desirable for continuously pumped passively Qswitched (PQS) lasers to generate large amounts of pulse energies. As a consequence, the Nd:YLF crystal with a relatively long upper-state lifetime is usually expected to be appropriate for the construction of a high-pulse-energy laser with the Cr 4+ :YAG crystal as a saturable absorber [10] [11] [12] . Another attractive feature of the Nd:YLF crystal is the emission line at 1053 nm, which makes it useful in developing the master oscillator for a Nd:glass power amplifier [13] .
Although it is generally convenient to employ the c-cut Nd:YLF crystal as a gain medium for generating a 1053-nm laser [14] [15] [16] , the isotropic property in the transverse plane typically leads the polarization state not to be linearly polarized. The a-cut Nd:YLF crystal can alternatively be employed to obtain a linearly polarized output. However, the stimulated emission cross section at 1047 nm is higher than that at 1053 nm by a factor of 1.5 for the a-cut Nd:YLF crystal [17] [18] [19] [20] [21] [22] . As a result, suppressing the π -polarized emission at 1047 nm turns into an important issue in designing a linearly-polarized 1053-nm laser with the a-cut Nd:YLF crystal. It has been shown that the effects of extra losses may be enhanced by the energy transfer upconversion (ETU) which causes a reduction in the effective upper laser level lifetime and an increase in fractional thermal loading [23, 24] . Therefore, it is practically important to develop an approach without introducing considerable extra losses for achieving an efficient linearly polarized Nd:YLF 1053-nm pulsed laser.
In a previous study [25] , it was demonstrated that the selection of the polarization in an a-cut Nd:YVO 4 laser could be attained by combining the birefringence of the laser crystal with the alignment sensitivity of the plano-plano resonator. In this work, we exploit the birefringence of the a-cut Nd:YLF crystal to realize the selection of the polarization in a compact concave-plano resonator. Note that the planoplano cavity is generally not appropriate for the Nd:YLF laser because the gain medium has a negative temperature coefficient for the refractive index, leading to a defocussing lens. We experimentally find that a reliable linearly polarized TEM 00 -mode laser at 1053 nm can be achieved in a cavity as short as 5 cm by using an a-cut Nd:YLF crystal with a wedged angle of 3°. We further use a Cr 4+ :YAG saturable absorber with an initial transmission of 80 % to investigate the performance of the PQS operation for vari- Fig. 1 Schematic of the cavity setup for a diode-pumped PQS Nd:YLF/Cr 4+ :YAG laser ous output couplings. With an output coupling of 30 %, the maximum output power of 2.3 W is generated at an incident pump power of 12 W, where the pulse repetition rate and pulse width are 8 kHz and 9 ns, respectively. The corresponding pulse energy and peak power are calculated to be up to 288 µJ and 32 kW, respectively. To the best of our knowledge, the pulse energy and peak power are the highest ever reported among the continuously diode-end-pumped PQS Nd-doped crystal lasers with the Cr 4+ :YAG crystal of the same initial transmission.
Experimental setup
The experimental setup is schematically shown in Fig. 1 . The input mirror was a concave mirror with the radius-ofcurvature of 500 mm. It was antireflection (AR) coated at 806 nm on the entrance face, and was coated for high transmission at 806 nm as well as for high reflection at 1053 nm on the second surface. The gain medium was a 0.8 at% a-cut Nd:YLF crystal with dimensions of 3 × 3 × 20 mm 3 , and it was placed to be adjacent to the input mirror. Both facets of the laser crystal were AR coated at 806 nm and 1053 nm. The second surface of the laser crystal was wedged at an angle θ w = 3°with respect to the first surface, as indicated in Fig. 1 . The Cr 4+ :YAG saturable absorber with the initial transmission of 80 % was AR coated at 1053 nm on both surfaces, and it was placed near to the output coupler. The laser crystal and the saturable absorber were wrapped with the indium foil and mounted in water-cooled copper heat sinks at 20°C. The pump source was a 15-W fiber-coupled laser diode at 806 nm with a core diameter of 400 µm and a numerical aperture of 0.2. The pump beam was reimaged into the laser crystal with a lens set that has the focal length of 25 mm and the coupling efficiency of 90 %. The flat output couplers with the transmission of 10 %, 20 %, 30 %, 36 %, and 50 % were utilized for systematic investigations on the laser characteristics during the experiment. The cavity length was set to be 50 mm for the construction of a compact laser. With the ABCD-matrix theory, the cavity mode radii inside the laser crystal and the saturable absorber were estimated to be approximately 236 µm and 224 µm, respectively.
The pulse temporal behaviors were recorded by a LeCroy digital oscilloscope (Wavepro 7100, 10 G samples/s, 1 GHz bandwidth) with a fast Si photodiode.
Performance of CW and PQS operations
First of all, we explore the angle tuning characteristics of the Nd:YLF laser for the σ -and π -polarization in the CW operation, where the Cr 4+ :YAG saturable absorber was removed, the transmission of the output coupler was chosen to be 30 %, and the incident pump power was fixed to be 12 W to avoid the possibility of the thermal fracture in the laser crystal. As shown in Fig. 2(a) , the output polarization state can be easily switched by simply tilting the orientation of the output coupler. Note that the tilting angle φ is defined as the included angle with respect to the orientation of the output coupler corresponding to the maximum output power at 1053 nm, as depicted in Fig. 1 . The angular separation between the σ -and π -polarization under the individual maximum output power is experimentally found to be around 1.153 mrad; that is, the angular separation between the point b and c indicated in Fig. 2(a) is approximately 1.153 mrad. On the other hand, the refractive indices for the σ -and π -polarization in the a-cut Nd:YLF crystal are n σ = 1.448 and n π = 1.47, respectively. With the Snell's law under the small-angle approximation, we can theoretically derive an angular separation to be (n π − n σ )θ w ∼ 1.152 mrad between the two polarizations external to the wedged crystal, which is in a good agreement with the experimental observations. The two-dimensional spatial distributions for the σ -and π -polarization under the individual maximum output power are recorded with a digital camera, and both are found to display a near-diffraction-limited TEM 00 transverse mode, as shown in Fig. 2(b) for the case of σ -polarization.
With the optimal alignment for 1053-nm emission, we made a thorough study on the output power with respect to the output coupling at an incident pump power of 12 W. Note that the polarization extinction ratio at 1053 nm is considerably larger than 100:1 once the cavity was aligned for the Fig. 2 (a) The angle tuning characteristics of the 3°-wedged a-cut Nd:YLF laser for the σ -and π -polarization in the CW operation; (b) The two-dimensional spatial distributions for the σ -polarization under the maximum output power, indicating a near-diffraction-limited TEM 00 transverse mode optimization at 1053 nm. The output power in the CW operation is experimentally found to decrease from 4.88 W to 2.45 W with increasing the output coupling from 10 % to 50 %, as revealed by the red curve in Fig. 3 .
When the Cr 4+ :YAG saturable absorber was inserted into the laser cavity, the dependence of the output power in the PQS operation on the output coupling is demonstrated by the green curve in Fig. 3 . Experimental results reveal that at an incident pump power of 12 W, the maximum output power of 2.3 W is achieved with the output coupling of 30 % in the PQS operation. The optical-to-optical conversion efficiency from 806 nm to 1053 nm is thus evaluated to be 18.3 %. Figure 4 illustrates the pulse repetition rate and the pulse width versus the output coupling in the PQS operation. It is Fig. 3 The maximum output powers at 1053 nm in the CW and PQS operations as a function of the output coupling Fig. 4 Dependences of the pulse repetition rate and pulse width on the output coupling experimentally found that both the pulse repetition rate and the pulse width are insensitive to the change of the output coupling; namely, when the transmission of the output coupler is varied between 10-50 %, the pulse repetition rate and the pulse width are in the ranges 8-9 kHz and 9-10 ns, respectively. According to the experimental results illustrated in Figs. 3 and 4 , the pulse energy and peak power are calculated as a function of the transmission of the output coupler, as depicted in Fig. 5 . For the output coupler with the transmission of 30 %, the pulse energy and the peak power as high as 288 µJ and 32 kW are achieved at an incident pump power of 12 W. It is worthwhile to mention that so far the pulse energies obtained with the continuously diodeend-pumped PQS Nd-doped crystal/Cr 4+ :YAG lasers, such as the Nd:YAG [1, 3] , c-cut Nd:YLF [7] , Nd-doped vanadate crystals [1-6, 8, 9] , are not more than ∼210 µJ. That is to say, the pulse energy based on the 4 F 3/2 → 4 I 11/2 transition is greatly enhanced in our cavity design. Figures 6(a)-6(b) show the typical oscilloscope traces of the The pulse-to-pulse amplitude fluctuation is found to be better than ±2 %. With a knife-edge method, the beam quality factors at 1053 nm for the orthogonal directions were measured to be M 2 x < 1.1 and M 2 y < 1.15, respectively.
Conclusion
In summary, we have successfully demonstrated a reliable TEM 00 -mode linearly polarized laser at 1053 nm with the natural birefringence of a wedged Nd:YLF crystal in a compact concave-plano cavity. Using the Cr 4+ :YAG saturable absorber to perform PQS operation, the maximum output power can be up to 2.3 W under an incident pump power of 12 W. Under this output condition, the pulse repetition rate and the pulse width are found to be 8 kHz and 9 ns, respectively. The corresponding pulse energy and the peak power are up to 288 µJ and 32 kW, respectively. We believe that the relatively compact configuration presented here is potentially useful for the generation of high-peak-power pulses in Q-switched Nd:YLF lasers at 1053 nm.
